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To gain a better understanding of the role of DCC and Neogenin in neural and nonneural tissues during vertebrate
development we have carried out in situ hybridization studies to determine their expression patterns throughout the mid
to late stages of mouse embryogenesis. This analysis revealed striking contrasts in both the spatial and temporal expression
patterns of these closely related molecules. While DCC mRNA expression was predominately restricted to the developing
central nervous system (CNS), Neogenin mRNA was detected in a broad spectrum of embryonic tissues. Outside the CNS,
Neogenin expression was observed mainly in mesodermal derivatives such as organ primordia and cartilage condensations
of many developing embryonic structures. Within the CNS, initiation of DCC expression correlated with the onset of
neurogenesis and was maintained at high levels in all regions of the developing CNS actively undergoing neurogenesis. By
E18.5, DCC expression was detected only in structures such as the olfactory bulb, the hippocampus, and the cerebellum,
that are known to sustain active neurogenesis well into postnatal life. In contrast, Neogenin expression was weak in the
early developing CNS but broadened and intensi®ed as neurogenesis proceeded. In summary, these observations indicate
that Neogenin is the predominant member of this subfamily in mesodermal tissues, while DCC and Neogenin may play
complementary roles in the generation of the fully functional CNS. q 1997 Academic Press
INTRODUCTION mature CNS. Over recent years a variety of molecular
mechanisms underlying the navigational systems employed
to direct these diverse embryonic migration events haveCell migration is one of the principal events in laying out
been identi®ed (Culotti and Kolodkin, 1996; MuÈ ller et al.,the architectural plan of the early embryo. During gastrula-
1996; Chiba and Keshishian, 1996; Ekblom, 1996). Thetion migration of cells to the appropriate position is a key
DCC/Neogenin subfamily and their cognate ligands, theevent in setting the scene for organogenesis (Gurdon, 1992).
netrins, are now emerging as a major guidance system driv-The movement of mesenchymal cell populations within
ing both neural and nonneural cell migrations in the verte-embryonic tissues is continual and is an essential require-
brate and invertebrate embryo (Hedgecock et al., 1990; Cu-ment for successful morphogenesis (Gurdon, 1992). Within
lotti and Kolodkin, 1996; Tessier-Lavigne and Goodman,the developing central nervous system (CNS) newly born
1996; Keynes and Cook, 1997).neurons migrate along prede®ned pathways to establish the
The extracellular domain of the DCC gene product con-variety of distinct structures within the adult brain (O'Leary
sists of four immunoglobulin (Ig)-like domains and six ®-and Koester, 1993; McConnell, 1995). In addition, nascent
bronectin type III (Fn III) repeats, placing DCC in the neuralaxons navigate toward their speci®c targets to establish the
cell adhesion molecule (N-CAM) family of Ig-like cell adhe-intricate networks of axonal projections found within the
sion molecules. Subsequently, a second closely related mol-
ecule, Neogenin, also comprising four Ig domains and six
Fn III repeats, was identi®ed in chick embryonic day 181 Current address: St. Vincents Institute of Medical Research, 41
cerebellum (Vielmetter et al., 1994). Together, these twoVictoria St., Melbourne, 3065, Australia.
molecules de®ne a distinct subfamily of N-CAM-like cell2 To whom correspondence should be addressed. E-mail: Helen.
Cooper@ludwig.edu.au. surface receptors. Recently, members of the DCC/Neogenin
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FIG. 1. Neogenin mRNA is expressed throughout the early embryo, while DCC mRNA expression is restricted to the developing CNS. Adjacent
oblique sections through E8.5 embryos (A, B, C), adjacent parasagittal sections through E9.5 embryos (D, E, F), and E11.5 embryos (G, H, I) were
hybridized with the antisense DCC (B, E, H) or Neogenin (C, F, I) riboprobes. Corresponding bright-®eld images of E8.5, E9.5, and E11.5 embryos
(A, D, and G, respectively). Note that the E8.5 embryo sections are in utero. fb, forebrain; h, heart; hb, hindbrain; l, liver; lp, lung primordium;
lu, lung; mb, midbrain; nt, neural tube. Scale bar: 88 mm (A, B, C), 175 mm (D, E, F), 440 mm (G, H, I). Note all sections are 4 mm thick.
subfamily have been cloned from both Caenorhabditis eleg- strated that the UNC-40 protein resided on the surface of
axonal processes, suggesting that UNC-40 was a putativeans (C. elegans) (Chan et al., 1996) and Drosophila melano-
gaster (Kolodziej et al., 1996). Thus, the DCC/Neogenin receptor for UNC-6 (Chan et al., 1996). UNC-40 was subse-
quently shown to direct ventral migrations of pioneersubfamily has been conserved throughout evolution.
Insight into the function of the DCC/Neogenin subfamily growth cones toward UNC-6 gradients in a cell autonomous
manner and to be required for the dorsal migrations of somederives from studies on axonal guidance mutants of C. eleg-
ans. Hedgecock and colleagues generated mutations at the circumferential axons, possibly by participating in a recep-
tor complex with a second guidance receptor, UNC-5 (Chanunc-6 and unc-40 loci that resulted in aberrant dorsoventral
axonal guidance of circumferential pioneer axons in the et al., 1996). In this latter case, UNC-6 is presumed to act
as a chemorepellant. The Drosophila DCC/Neogenin or-nematode (Hedgecock et al., 1990). Analysis of the unc-
6 gene product revealed that UNC-6 encoded a secreted thologue, Frazzled, has also been demonstrated to be an
axonal guidance receptor in the developing CNS of the ¯ylaminin-like protein which acts as both a ventral and a
dorsal guidance cue (Ishii et al., 1992; Wadsworth et al., (Kolodziej et al., 1996). As in the nematode, Frazzled is
probably a receptor for UNC-6-like guidance cues.1996). Cloning of the unc-40 gene product revealed that it
was closely related to the vertebrate DCC and Neogenin That a parallel axonal guidance system is operative in
vertebrates has been demonstrated in recent studies on thegene products (Chan et al., 1996). Further studies demon-
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FIG. 2. DCC mRNA is expressed in all areas of the developing E13.5 CNS (B). In contrast, Neogenin mRNA is expressed in neural and
nonneural tissues of the E13.5 embryo (C). Corresponding bright-®eld image of the E13.5 embryo (A). No speci®c hybridization signal
was detected using the DCC sense riboprobe (D) or the Neogenin sense riboprobe (E). Riboprobes speci®c for the endothelial marker,
VEGF receptor-2 (F), and N-cadherin (G) give the expected hybridization patterns for these gene products. bl, bladder; drg, dorsal root
ganglion; cb, cerebellum primordium; cw, cerebral wall; fb, forebrain; g, gut; h, heart; hb, hindbrain; hg, herniated gut; hp, hippocampal
primordium; hth, hypothalamus; k, kidney; l, liver; lb, limb bud; lu, lung; m, mandible; mb, midbrain; n, nasal region; nt, neural tube;
ppl, preplate; str, striatum; th, thalamus; u, urogenital region; vp, vertebra primordium; vz, ventricular zone. Scale bar: 690 mm.
guidance of extending commissural axons in the rat neural greatly reduced (Fazeli et al., 1997). Rat Neogenin has also
been reported to directly bind netrin-1 (Keino-Masu et al.,tube. Keino-Masu and colleagues have shown that a verte-
brate homologue of UNC-6, netrin-1, directly interacts with 1996), although its role in axonal guidance has not yet been
elucidated. However, the observation that high levels ofrat DCC resulting in the stimulation of neurite outgrowth
and commissural axon guidance along a netrin gradient Neogenin expression are correlated with the onset of neu-
ronal differentiation in the developing chick retina and cere-(Keino-Masu et al., 1996). That DCC is indeed a guidance
receptor responsible for directing axonal projections has re- bellum (Vielmetter et al., 1994) suggests that Neogenin also
plays a role in neurite outgrowth.cently been con®rmed in mice lacking functional DCC (Fa-
zeli et al., 1997). These mice exhibit severe defects in com- In addition to acting as an axonal guidance receptor, the
C. elegans DCC/Neogenin orthologue, UNC-40, also ap-missural axon extension toward the ¯oor plate throughout
the developing spinal cord and are also missing several ma- pears to be responsible for the guidance of certain motile
cells in the developing nematode. Analysis of the unc-40jor commissures, including the corpus callosum and the
hippocampal commissure while the anterior commissure is loss-of-function mutants revealed perturbations in both the
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FIG. 3. Expression of DCC and Neogenin in the E13.5 cortical preplate. DCC is expressed in two discrete bands at the inner and outer
edge of the preplate (B, E), while Neogenin expression is restricted to the outer edged of the preplate (C, F). Corresponding bright-®eld
images of the cerebral wall (A, D). cw, cerebral wall; hp, hippocampal primordium; ppl, preplate; str, striatum; th, thalamus; vz, ventricular
zone. Scale bar: 170 mm (A, B, C), 85 mm (D, E, F).
ventral and dorsal migration patterns of some neuroblasts velopment. Analysis of the DCC and Neogenin expression
patterns revealed striking contrasts in both the spatial andand mesodermal cells (Hedgecock et al., 1990). As in the
case of UNC-40-dependent axonal guidance, UNC-40 ap- temporal expression patterns of these closely related mole-
cules. Neogenin appears to be the predominant member ofpears to be an instructive rather than a permissive guidance
receptor for the dorsoventral migrations of these motile this subfamily in mesodermal derivatives. These observa-
tions further indicate that DCC is a specialized guidancecells. Since the axonal guidance function of the DCC/Neo-
genin subfamily is conserved from C. elegans to vertebrates, receptor within the early embryonic mouse CNS. Neogenin
is also expressed widely in the CNS in late gestation, sug-it is also likely that DCC and Neogenin are guidance recep-
tors driving both neural and nonneural cell migrations in gesting that DCC and Neogenin may play complementary
roles in the generation of the fully functional CNS.the vertebrate embryo. The guidance cues for these migra-
tions may be either the netrins themselves or other mole-
cules not yet identi®ed. However, at present, nothing is
known about such cellular navigational systems outside of MATERIALS AND METHODS
the CNS in vertebrates.
In both mice and humans, DCC is expressed predomi- Staging of Mouse Embryos
nately in the adult central nervous system (Fearon et al.,
Mouse embryos were obtained from timed matings of ICR mice1990; Cooper et al., 1995). In contrast to DCC, Neogenin
housed in the Ludwig Institute Animal Facility. The ®rst day of preg-appears to be ubiquitously expressed at high levels in all nancy was considered to be E0.5. The subsequent developmental
tissues of the adult mouse and human (Keeling et al., 1997; stages of embryos were determined according to Kaufman (1992).
Meyerhardt et al., 1997). These observations indicate that
while DCC function is largely restricted to the adult CNS,
Neogenin mRNA is expressed in a broad spectrum of adult Preparation of 33P-Labeled RNA Probes
tissues. In the mammalian embryo, expression of DCC has
A 2.4-kb mouse DCC cDNA (MB18) cloned in pBluescript (SK/)so far been convincingly demonstrated only in the devel-
(Stratagene, CA) (Cooper et al., 1995) encoding the second, third, and
oping neural tube (Cooper et al., 1995; Keino-Masu et al., fourth Ig domains and the ®rst ®ve Fn III repeats was used as the
1996). template for both the sense and antisense DCC riboprobes. The Neo-
Here we describe the expression patterns of DCC and genin antisense and sense riboprobes were synthesized using mouse
Neogenin mRNA in both neural and nonneural tissues Neogenin cDNA clone, BR11, encoding the last four Fn III repeats,
the transmembrane domain, and the ®rst 165 bp of the cytoplasmicthroughout the mid to late stages of mouse embryonic de-
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FIG. 4. Comparative expression of DCC mRNA and Neogenin mRNA in the developing CNS at E17.5 and E18.5. Bright-®eld sagittal
sections through E17.5 head (A), E18.5 brain (D), and E18.5 cerebellum (G) with adjacent sections hybridized with the DCC antisense
riboprobe (B, E, and H, respectively) and the Neogenin antisense riboprobe (C, F, and I, respectively). Note the extensive expression of
Neogenin mRNA in the E18.5 brain. In contrast, DCC mRNA is expressed only in the hippocampus, the olfactory bulb, and the cerebellum
at E18.5 cgl, cerebellar external granular layer; cb, cerebellum; cc, cranial cartilage; cx, cortex; ed, ependymal layer; hp, hippocampus;
hth, hypothalamus; nt, nasal turbinate; ob, olfactory bulb; rn, red nucleus; snr, substantia nigra; str, striatum; th, thalamus; zn, zona
aserta. Scale bar: 785 mm (A, B, C), 485 mm (D, E, F), 75 mm (G, H, I).
domain, as the template (Keeling et al., 1997). One microgram of collected after perfusion of the mother with 4% paraformaldehyde
in PBS by injection into the left ventricle of the heart (Bolam, 1992).template was used to transcribe the 33P-labeled sense and antisense
riboprobes employing the Bresatec Message Maker Kit according to Every 20th section (4 mm sections) was stained with hematoxylin
and eosin to allow for histological orientation.the manufacturer's instructions (Bresatec, Adelaide, Australia). To
assess the integrity of the riboprobes, 1 ml of each labeled probe Mounted embryos were deparaf®nized in xylene and hydrated
was run on a 1% formaldehyde/agarose gel and then transferred to through several grades of ethanol (100% 1 2, 95, 70, and 50%) and
GeneScreen Plus nylon membrane (DuPont±NEN, MA) via capillary brought to distilled water. The sections were then treated with 0.5
action. The 33P-labeled riboprobes were visualized using the Phos- M Tris, pH 7.5, 50 mM EDTA, pH 8.0 for 5 min followed by 2
phorImager (Molecular Dynamics, CA). Before hybridization, the ri- mg/ml proteinase K (Boehringer Manneheim, Germany) at room
boprobes were precipitated and subjected to mild alkaline hydrolysis temperature for 30 min. Sections were further washed in solutions
to reduce the probe length to approximately 100 bp. Hydrolysis was of PBS containing 0.2 mg/ml glycine for 5 min and then incubated
carried out in 60 mM Na2CO3/40 mM NaHCO3 (pH 10) for a time in 4% paraformaldehyde for 10 min at room temperature. After an
determined by the formula: (initial probe length0 0.1 kb) 4 (hydroly- additional 5-min wash with PBS and a 2-min rinse with 0.1 M
sis rate constant (0.11) 1 initial probe length 1 0.1 kb) at 607C. triethanolamine±HCl (pH 8.0), the sections were treated with
Probes used as controls for speci®c hybridization included a 2.8- 0.25% (v/v) freshly prepared acetic anhydride in 0.1 M triethanol-
kb riboprobe speci®c for mouse VEGF receptor-2 (Olerichs et al., amine±HCl for 10 min. This was followed with a 5-min wash in
1993) and a 0.6-kb riboprobe speci®c for mouse N-cadherin (Miya- PBS before dehydrating the sections through several grades of etha-
tani et al., 1989) (a gift from Dr. M. Takiechi, University of Kyoto, nol (50, 70, 95, and 100% 1 2) and allowing the sections to air dry.
Japan). All probes were hydrolyzed according to the above formula The sections were hybridized overnight at 507C in 50% deionized
except for the N-cadherin-speci®c probe which was used as the formamide, 0.3 M NaCl, 10 mM Tris±HCl (pH 7.5), 5 mM EDTA,
full-length 600-bp fragment. 10 mM Na2HPO4, 10% dextran sulfate, 1 mg/ml yeast tRNA (Boeh-
ringer Manneheim) and 50±100 ng/ml of 33P-labeled riboprobe.
In Situ Hybridization After hybridization, unbound probe was removed by several washes
in 50% formamide, 0.3 M NaCl, 10 mM Tris±HCl (pH 7.5), 5 mME8.5 to E13.5 embryos were dissected from uteri and immedi-
ately ®xed in 4% paraformaldehyde. E14.5 to E18.5 embryos were EDTA, 10 mM Na2HPO4 at 507C. The sections were then treated
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FIG. 5. DCC mRNA is expressed in the hippocampus and the olfactory bulb at E18.5, while Neogenin mRNA is expressed extensively
throughout the E18.5 brain. Bright-®eld images of coronal sections through the E18.5 head (A), olfactory bulb (D), and brain (G, J) with
adjacent sections hybridized with the DCC antisense riboprobe (B, E, H, and K, respectively) and Neogenin antisense riboprobe (C, F, I,
and L, respectively). cx, cortex; dg, dentate gyrus; e, eye; ed, ependymal layer; ep3v, ependymal layer of 3rd ventricle; gcl, granular cell
layer of olfactory bulb; hth, hypothalamus; ml, outer mitrial cell layer; nt, nasal turbinate; ob, olfactory bulb; oed, ependymal layer of
olfactory bulb; tg, tongue; tp, tooth primordium; th, thalamus; 1, 2, 3, and 4 correspond to regions CA1, CA2, CA3, and CA4 of the
hippocampus, respectively. Scale bar: 485 mm (A, B, C), 75 mm (D, E, F), 336 mm (G, H, I), 373 mm (J, K, L).
with 40 mg/ml RNase A for 1 h at 377C to remove any remaining clonal antibody to BrdU (Becton Dickinson, CA) used at a 13:1000
dilution in PBS, 0.5% Tween 20) according to the protocol describednonspeci®cally bound probe. The sections were ®nally washed in
21 SSC (3 M NaCl, 0.3 M Na3citrate, pH 7.0) at 657C for 30 min by Takahashi et al. (1995). The secondary antibody was a biotinyl-
ated, horse anti-mouse antibody (Vectastain ABC Kit, Vector Labo-and dehydrated through an ethanol series (50, 70, 95, and 100% 1
2) before exposure to photographic emulsion (Kodak, U.S.A.). ratories, CA). The antibody complexes were detected using avidin±
biotin±horseradish peroxidase (Vectastain ABC Kit, Vector Labora-
tories) and developed using the chromogen, diaminobenzidine
(DAB; Sigma).5-Bromo-2*-deoxyuridine (BrdU) Staining
Pregnant ICR mice were injected intraperitoneally with 50 mg of
BrdU (in isotonic saline) (Sigma, St. Louis, MO) per gram of body
RESULTSweight (0.01 ml/g). Embryos were collected at 1 h postinjection and
immersion ®xed in 4% paraformaldehyde for at least 24 h before
To determine the precise patterns of DCC and Neogeninsectioning (5-mm sections) as described above. Incorporation of
BrdU into embryonic tissue was assessed using a mouse mono- expression within the developing CNS, and in nonneural
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tissues of the developing mouse embryo, we carried out in the more caudal regions of the neural tube (the developing
spinal cord) at this stage (Fig. 1E). The neural-speci®c pat-situ hybridization studies on E8.5 through E18.5 embryo
sections. Using 33P-labeled antisense riboprobes speci®c for tern of DCC expression broadened and intensi®ed as neuro-
genesis proceeded. By E11.5, strong DCC-speci®c expres-mouse DCC or mouse Neogenin, we analyzed DCC and
Neogenin mRNA expression in serial sections of embryos sion was observed in all areas of the early brain and spinal
cord (Fig. 1H). In contrast to DCC, Neogenin expression didcut in both parasagittal and transverse planes. Every 10th
section was analyzed by in situ hybridization using the anti- not begin to increase in neural tissue until E10.5 to E11.5
(Fig. 1I). Neogenin expression within the early CNS, how-sense riboprobes while immediately adjacent sections were
hybridized with control riboprobes. ever, was still generally weak at E11.5 (Fig. 1I).
It has been previously demonstrated that DCC and Neo-
genin are expressed in complementary domains along the
Controls dorsoventral axis within the E13 rat spinal cord (Keino-
Masu et al., 1996). We observed a similar complementarityThe speci®city of the hybridization signals generated by
the antisense DCC and Neogenin riboprobes was demon- in DCC and Neogenin expression domains in the E11.5
spinal cord of the mouse. High levels of DCC expressionstrated by hybridization of negative and positive control 33P-
labeled riboprobes to adjacent E13.5 sections (Fig. 2). First, were observed in both the thoracic and tail region of the
neural tube at E11.5 (Figs. 1H and 6F). DCC mRNA wasneither the DCC nor Neogenin sense riboprobes yielded any
detectable positive signal when hybridized to these sections predominantly expressed in the dorsal regions of the neural
tube where the cell bodies of interneurons and commissural(Figs. 2D and 2E, respectively). In contrast, riboprobes spe-
ci®c for the endothelial marker, VEGF receptor-2 (Fig. 2F), neurons reside. In addition, lower levels of DCC mRNA
were detected in the developing motor columns within theand N-cadherin (Fig. 2G) each produced the expected hybrid-
ization patterns for these gene products (Olerichs et al., ventral region (Fig. 6F). In accordance with the observations
of Keino-Masu et al. (1996), transverse sections through the1993; Takeichi, 1987, respectively). These control probes
were run in parallel with the speci®c antisense DCC and thoracic region of the E11.5 neural tube demonstrated that
Neogenin expression was restricted mostly to the ventralNeogenin riboprobes. In all cases, the hybridization patterns
generated by the control riboprobes were distinct from those spinal cord (data not shown). While the most intense Neo-
genin expression was seen in the ventricular zone (VZ), sig-seen with either the DCC or Neogenin antisense riboprobes
demonstrating the stringency of the hybridization protocol ni®cant expression was also observed throughout the man-
tle region. By E13.5, Neogenin expression intensi®ed in theemployed.
mantle layer of the ventral region of the developing spinal
cord (Fig. 2C).
Comparative Analysis of DCC and Neogenin Studies using the thymidine analogue, BrdU, were carried
Expression in the Developing CNS out to precisely localize DCC expression to either actively
dividing neuronal stem cell populations, or, to the earliestAnalysis of DCC and Neogenin mRNA expression in the
developing CNS revealed striking differences between DCC postmitotic neurons of the E11.5 CNS. Figure 6 demon-
strates that a 1-h BrdU pulse labeling at E11.5 resulted inand Neogenin expression, both temporally and spatially. DCC
expression predominated in the early CNS and was not re- the incorporation of BrdU into cells undergoing S-phase
within the VZ of the E11.5 cerebral wall (Figs. 6A and 6C).stricted to a particular neuronal subset or to de®ned structures
within the embryonic brain (Figs. 1H and 2B). Instead, DCC Hybridization of the adjacent E11.5 sections with the anti-
sense DCC riboprobe clearly demonstrated that the cellswas ubiquitously expressed in the majority of postmitotic
neurons within the early CNS. In contrast, Neogenin mRNA expressing high levels of DCC mRNA resided adjacent to
the BrdU-positive cell layer in the cerebral wall (Figs. 6Bwas absent or expressed at low levels in the early CNS until
E13.5 (Figs. 1I and 2C). However, in later day embryos Neo- and 6D). This DCC-expressing layer had incorporated little
BrdU and thus represents the early preplate of the devel-genin mRNA was expressed at signi®cant levels in the major-
ity of neural structures within the E17.5 and E18.5 brain (Figs. oping cortex. At this stage, the newly formed preplate con-
tains the ®rst postmitotic neurons to migrate out of the4C and 4F), while DCC expression had been extinguished in
most regions of the brain by E18.5 (Fig. 4E). In summary, while proliferative layer (Cavines et al., 1995). Importantly, no
DCC-speci®c hybridization was detected within the VZ orDCC predominated in the early CNS, Neogenin became the
predominant receptor of the DCC/Neogenin subfamily in the within the external pial layer. A similar pattern of DCC
mRNA expression was noted within the lateral eminencemore mature CNS. A summary of the onset and duration
of DCC and Neogenin expression in the developing CNS is of the E11.5 forebrain (Fig. 6B). Again, DCC expression colo-
calized with those early postmitotic neurons that had re-presented in Fig. 9.
The early neural tube. DCC mRNA was ®rst detected cently migrated out of the VZ. DCC expression was also
detected immediately after postmitotic neurons had left thein the hindbrain region of the neural tube of E9.5 embryos
(Fig. 1E). The DCC-speci®c signal seen in the E9.5 rostral VZ of the thoracic region of the E11.5 neural tube (Fig.
6F). Taken together, these observations indicate that theneural tube had a punctuate appearance and was localized
to the outer most cell layer of the early hindbrain. In con- initiation of DCC mRNA expression coincided with the
migration of the majority of recently born neurons out oftrast, no signal was detected in the forebrain, midbrain, or
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the proliferative zone throughout all regions of the devel- 5C, and 5F). Hybridization of coronal sections of the E18.5
brain, cut immediately rostral to the ear, clearly demon-oping CNS. DCC expression was not restricted to a particu-
lar neuronal subset or to de®ned structures within the em- strated that DCC expression was restricted to the presump-
tive granular cell layer within the E18.5 olfactory bulb (Figs.bryonic brain. Instead, our data suggest that DCC was ex-
pressed in the large majority of postmitotic neurons 5B and 5E). Note that no DCC expression was observed in
any other region of the brain at this coronal level.throughout the early brain and along the entire length of
the dorsal neural tube. Adjacent sections through the E18.5 olfactory bulb re-
vealed that Neogenin mRNA was expressed in a strikingThe neocortex. Strong DCC-speci®c hybridization was
evident throughout the preplate of the early neocortex at pattern of three concentric circles (Figs. 5C and 5F). The
cells expressing Neogenin were (i) the proliferating ependy-E11.5 (Figs. 6B and 6D) and E13.5 (Figs. 3B and 3E). At high
magni®cation it can be seen that within the E13.5 preplate mal layer (the innermost layer), (ii) a subset of the presump-
tive granular cell layer, and (iii) the outer mitrial layer.DCC expression was most intense in those neurons residing
at the inner and outer edge of the preplate while the cen- Thus, within the olfactory bulb DCC and Neogenin were
expressed in discrete populations of neurons except in thetrally placed neurons expressed signi®cantly lower levels of
DCC (Figs. 3B and 3E). Since the hematoxylin and eosin granular cell layer (here some cells are proliferating and
some are undergoing terminal differentiation) where Neo-staining of this region (Figs. 3A and 3D) shows that the
density of neurons is constant throughout the E13.5 pre- genin was expressed within a subset of DCC-expressing
neurons.plate, the above observation suggests that central DCC-neg-
ative neurons may be phenotypically distinct from those The thalamus and hippocampus. At E13.5 signi®cant
DCC expression and weak Neogenin expression were ob-DCC expressing neurons at the inner and outer edge of the
preplate. served in the thalamus and hypothalamus (Figs. 2B and 2C).
By E15.5 DCC expression had been entirely lost from theBetween E14.5 and E16.5 DCC expression within the cor-
tical plate was downregulated, especially at the most caudal thalamus while the hypothalamus still expressed signi®cant
levels of DCC mRNA through to E18.5 (Fig. 5H). In contrast,aspect of the cortex, such that a decreasing gradient of DCC
expression was observed along the craniocaudal axis. This Neogenin expression increased in both the thalamus and hy-
pothalamus, as neurogenesis progressed. Neogenin was ex-gradient was clearly visible in the E17.5 neocortex (Fig. 4B).
In the cranial aspect of the E17.5 cortex still expressing high pressed to an equal extent in both structures at E18.5 (Fig. 5I).
Apart from the olfactory bulb, the hippocampus was onelevels of DCC, DCC was expressed predominantly in the
cortical layers above the intermediate zone (Fig. 4B). By of the few structures within the developing brain to main-
tain high levels of DCC and Neogenin expression through-E18.5, DCC expression was entirely lost from the neocortex
(Figs. 4E and 5H). out gestation. Figure 2B shows that DCC was strongly ex-
pressed in the hippocampal primordium at E13.5 while Neo-At E13.5 the domain of Neogenin expression was re-
stricted to a tight band at the outer edge of the preplate genin was expressed in an overlapping domain of DCC-
expressing hippocampal neurons (Fig. 2C). While DCC ex-in the early neocortex (Figs. 3C and 3F) and was therefore
situated within the expression domain of DCC. Neogenin pression remained high and constant throughout the mid
to late stages of gestation, Neogenin expression intensi®edcontinued to be strongly expressed in this upper layer of
cortical neurons throughout cortical neurogenesis. By E17.5 in the hippocampus in the later days of development. Strong
DCC and Neogenin expression was observed throughoutto E18.5, Neogenin expression had intensi®ed throughout
the upper cortical layers (Figs. 4C, 4F, and 5I). The most the E17.5 (Figs. 4B and 4C) and E18.5 hippocampus (Figs.
5K and 5L). Intense DCC-speci®c hybridization was ob-intense Neogenin expression was again observed in the
outer cortical layers of the E18.5 cortex (Fig. 5I). In contrast, served in the CA1, CA2, CA3, and CA4 regions of the hippo-
campus (Fig. 5K). Neogenin was most highly expressed inDCC expression was absent from all cortical layers at this
stage (Fig. 5H). It is also interesting to note that Neogenin the CA2 and CA3 regions while expression in the CA1 and
CA4 areas was reduced (Fig. 5L).expression was observed in the ependymal layer, adjacent
to the lateral ventricles, in the E17.5 and E18.5 cortex (Figs. Midbrain and hindbrain structures. By E13.5, DCC ex-
pression had intensi®ed in the roof of the midbrain and4C, 4F, and 5L). Cortical neurogenesis is completed by E17
from which point the VZ is replaced by the nonproliferating throughout the hindbrain (Fig. 2B). As in the cortex, DCC
expression was restricted to the mantle regions of thesecuboidal ependymal lining of the ventricle (Takahashi et
al., 1995). In addition, strong Neogenin expression was de- structures where the newly born neurons were accumulat-
ing. At this stage, however, Neogenin mRNA predomi-tected in the ependymal layer of the third ventricle of the
E18.5 brain (Fig. 5L). Therefore, in general, as the Neogenin nantly localized to the proliferating stem cell population
within the VZ (Fig. 2C). Lower levels of Neogenin expres-expression domain expanded and intensi®ed toward the
completion of corticogenesis, the domain of DCC expres- sion were also detected in postmitotic neurons within the
mantle of the hindbrain. Interestingly, strong Neogenin ex-sion was extinguished.
The olfactory bulb. Within the E17.5 and E18.5 fore- pression was restricted to the most cranial aspect of the
E13.5 midbrain. Again, the VZ expressed the highest levelsbrain intense DCC expression was observed in the olfactory
bulb (Figs. 4B, 5B, and 5E). Signi®cant Neogenin expression of Neogenin mRNA (Fig. 2C).
The overall expression of DCC in the midbrain and hind-was also noted in E17.5 and E18.5 olfactory bulb (Figs. 4C,
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FIG. 6. DCC mRNA expression is initiated in postmitotic neurons immediately after they exited the proliferative zone. Adjacent serial
sections of E11.5 cerebral wall (A, B, C, D) and neural tube (E, F) were subjected to either immunohistochemical analysis to assess BrdU
incorporation (A, C, E) or in situ hybridization to localize DCC mRNA expression (B, D, F). In both the cerebral wall (B, D) and neural
tube (F) DCC mRNA is localized to postmitotic neurons lying outside of the ventricular zone as indicated by the lack of BrdU incorporation
in these cells (A, C, D). cw, cerebral wall; fp, ¯oor plate; imz. intermediate zone; le, lateral eminence; me, medial eminence; pi, pial layer;
ppl, preplate; rp, roof plate; vz, ventricular zone. Scale bar: 90 mm (A, B), 22 mm (C, D), 40 mm (E, F).
brain was downregulated from E13.5 onward. In the E17.5 out embryogenesis. DCC mRNA was not seen in any region
of the peripheral nervous system except the superior cervicalbrain, low but ubiquitous expression of DCC was observed
throughout the midbrain and hindbrain (Fig. 4B). By E18.5, sympathetic ganglion at E16.5 (data not shown).
Restricted regions of DCC mRNA expression were ob-DCC expression had become restricted to several discrete
midbrain structures including the substantia nigra, the zona served in a number of nonneural tissues from E12.5 onward.
At E12.5, DCC expression was found in mesodermal con-aserta, and the red cell nucleus (Fig. 4E). The developing
cerebellum expressed high levels of DCC mRNA through- densations around the cartilage core in the developing limb
structures (Fig. 7B). This expression ceased by E14.5. Fromout neurogenesis. At E17.5 and E18.5, substantial DCC ex-
pression was detected in the external granular layer (Figs. E12.5 (data not shown) through to E13.5 (Fig. 7D), DCC
expression was also seen in the facial musculature particu-4B, 4E, and 4H). Neogenin mRNA expression was also noted
in the developing cerebellum from E13.5 (Fig. 2C) to E18.5 larly around the developing palate. In E13.5 embryos, DCC
expression was also initiated in the urogenital ridge (Fig.(Figs. 4F and 4I). Again the expression domains of DCC and
Neogenin within this structure were complementary. At 7F). E15.5 (Fig. 7H) and E16.5 (data not shown) embryos
expressed DCC mRNA strongly at the tip of the genitalE13.5 Neogenin expression was restricted to the prolifera-
tive zone of the cerebellar primordium (Fig. 2C). In the E17.5 tubercle within the developing urogenital region. This re-
gion of the genital tubercle also expressed Neogenin mRNAand E18.5 cerebellum, Neogenin was expressed at low levels
throughout the central region while no signi®cant expres- (data not shown). Weak DCC expression was also noted in
the early bladder of the E13.5 embryo (Fig. 2B). By E16.5 thesion was observed in the cerebellar granular layer (Figs. 4C,
4F, and 4I). bladder expressed relatively high levels of DCC mRNA in
the mesenchyme lying directly adjacent to the epithelium
(data not shown). Interestingly, this domain of DCC expres-
DCC Has Limited Expression Outside the CNS sion exactly coincided with that of Neogenin. Neither DCC
nor Neogenin mRNA was detected in the epithelial layerNo speci®c DCC signal could be detected in E8.5 embryos
(Fig. 1B). In E9.5 through E11.5 embryos, no DCC expression of the bladder. Overall, we could not detect DCC mRNA
expression in the epithelial components of any embryonicwas detected in any embryonic tissues lying outside the devel-
oping CNS (Figs. 1E and 1H). DCC expression was never ob- tissue. However, it has previously been reported that immu-
nocytochemical studies demonstrated the presence of DCCserved in the ¯oor plate, the notocord, or neural crest through-
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FIG. 7. Expression of DCC mRNA in nonneural embryonic tissues. Parasagittal sections through an E12.5 limb bud shows that DCC
mRNA is localized to the mesodermal condensations around developing cartilage (B). DCC mRNA expression is also detected in facial
musculature and the developing palate in the E13.5 embryo (D). In E13.5 embryos DCC mRNA expression is initiated in the urogenital
ridge (F). By E15.5, the developing genital tubercle within the urogenital region expresses high levels of DCC mRNA (H). Corresponding
bright-®eld images of E12.5 limb bud (A), E13.5 nasal region (C), E13.5 urogenital ridge (E), and E15.5 genital tubercle (G). c, cartilage; d,
digit; gt, genital tubercle; l, liver; m, mandible; n, nasal region; ur, urogenital ridge. Scale bar: 236 mm (A, B), 280 mm (C±H).
protein in the epithelia of the embryonic mouse gut, lung, Neogenin Is Expressed in a Broad Spectrum of
and bladder (Chuong et al., 1994). The antipeptide antise- Embryonic Tissues Outside the CNS
rum used in this study immunoprecipitated a protein of 160
In situ hybridization analysis of Neogenin mRNA expres-kDa. Since the molecular weight of DCC is 175 to 200 kDa
sion patterns revealed that Neogenin was expressed in a(Reale et al., 1994; Gad and Cooper, unpublished observa-
markedly different temporal and spatial pattern when com-tions), we believe that the antiserum used in this studied
may be recognizing a protein distinct from DCC. pared with DCC. Neogenin expression preceded DCC ex-
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pression by at least 24 h, and in contrast to DCC expression to a lesser extent in the cortex of the E14.5 kidney (data
not shown). Expression of Neogenin was never observed inwhich was predominantly restricted to the CNS, Neogenin
was found to be expressed in a broad spectrum of tissues any region of the developing liver throughout embryogene-
sis (e.g., E13.5; Fig. 2C). Neogenin mRNA was not detectedthroughout the developing embryo. Figure 9 summarizes
the onset and duration of Neogenin and DCC expression in in the developing peripheral nervous system except in the
trigeminal ganglion from E12.5 through to E18.5 (Gad, Keel-the relevant tissues from E8.5 to E18.5 of gestation.
Hybridization of the Neogenin antisense riboprobe to ing, and Cooper, unpublished observations).
Strong Neogenin mRNA expression was maintained inoblique sections of E8.5 embryos revealed that Neogenin
mRNA was expressed ubiquitously throughout the endo- the mesenchyme of many organs throughout their develop-
ment. In contrast, Neogenin expression in the simple epi-dermal, ectodermal and mesodermal layers of the embryo
(Fig. 1C). Note that no Neogenin-speci®c hybridization sig- thelia of these structures was downregulated as organogene-
sis proceeded. Of particular interest was the observationnal was detected in the maternal tissues surrounding the
conceptus. Figure 1C demonstrates that Neogenin mRNA that Neogenin expression was restricted to the early phase
of organogenesis in the case of some developing organs.expression was most intense in the anterior rim of the fore-
gut, which is the primordia of the lung bud (laryngotracheal Signi®cant levels of Neogenin expression were seen in the
mesenchyme of the early E12.5 gut and stomach primordiagroove). In E9.5 and E10.5 embryos, Neogenin expression
was again found to be ubiquitous. Low levels of mRNA (Fig. 8B). At this early stage of morphogenesis, Neogenin
expression in the epithelial components of the gut andexpression were observed in all ectodermal, endodermal,
and mesodermal derivatives (Fig. 1F). As the developmental stomach was observed to be equivalent to that in the sur-
rounding mesenchyme (Fig. 8B). Similarly, Vielmetter etprogram proceeded, Neogenin expression intensi®ed in
mesodermal derivatives. However, low-level Neogenin ex- al. (1994) have demonstrated that Neogenin is expressed
coincidentally in the simple epithelium and the sur-pression could be detected throughout most embryonic tis-
sues. Much of the connective tissue of the E11.5 embryo rounding mesenchyme of the early gut of the embryonic
chick. However, as organogenesis proceeded in the embry-(Fig. 1I) showed high expression of Neogenin mRNA. The
somites were also observed to express signi®cant levels of onic mouse, Neogenin expression within the stomach and
gut epithelium was downregulated such that by E16.5 Neo-Neogenin at this stage (Fig. 1I). Low levels of Neogenin
mRNA were observed in the heart, while there was no ex- genin expression was negligible (stomach; Fig. 8D, gut; data
not shown).pression detected in the E11.5 liver (Fig. 1I). Finally, signi®-
cant Neogenin mRNA expression was observed in the sur- The developing lung expressed high levels of Neogenin
mRNA throughout embryogenesis. Figure 8F demonstratesface ectoderm of the E11.5 embryos.
In the E13.5 embryo, Neogenin expression became more that expression levels of Neogenin in both the epithelial
and mesenchymal cells within the E11.5 lung primordiumlocalized and intensi®ed in many mesodermal derived tis-
sues (Fig. 2C). Neogenin continued to be strongly expressed were also equivalent. By E15.5 the expression of Neogenin
mRNA in the mesenchyme of the developing lung had in-in the cartilaginous primordia throughout the head region
including the primordia of the cranium, the nasal struc- creased signi®cantly with respect to that observed in the
epithelium (Fig. 8H). However, in contrast to the developingtures, and the maxilla and mandible. Strong Neogenin ex-
pression was also observed within the vertebral bodies and gut and stomach, Neogenin mRNA was still present at low
levels within the lung epithelium at E18.5 (data not shown).the cartilaginous condensations in the limbs (Fig. 2C) and
ribs (data not shown) of the E13.5 embryo. In all these tis- In general, Neogenin expression could not be detected in
epithelial components within the more mature structuressues, Neogenin expression remained signi®cant from E13.5
onward. Strong Neogenin expression was noted in the tooth of the late embryo. Weak Neogenin expression was noted
in the mesenchyme of the bladder at E13.5 (Fig. 2C). Atprimordia of the E14.5 embryo and in the cartilage primor-
dia of the E16.6 sternum (data not shown). In the later stages E16.5 signi®cant Neogenin mRNA expression was observed
in the mesenchyme surrounding the epithelium of the blad-of embryogenesis intense Neogenin expression was ob-
served in forming bone. In both the E17.5 (Fig. 4C) and E18.5 der but not in the epithelial layer (data not shown). Further-
more, from E14.5 to E18.5, Neogenin was expressed in thehead (Fig. 5C), intense Neogenin-speci®c hybridization was
present in the cartilage of the cranium, the mandible, and connective tissue surrounding the nasal epithelium but
never in the nasal epithelium itself (E14.5 to E16.5: datathe nasal turbinate bones. Neogenin mRNA was also
strongly expressed in the primordia of the upper and lower not shown; E17.5, E18.5: see Figs. 4C and 5C).
molars and upper incisors (Fig. 5C).
Low but signi®cant Neogenin expression was noted in
the developing heart from E9.5 (Fig. 1F) through E16.5 (data DISCUSSION
not shown). The urogenital region of the E15.5 and E16.5
embryo also showed signi®cant Neogenin mRNA expres- Analysis of the DCC and Neogenin expression patterns
throughout the mid to late stages of mouse embryogenesission with the tip of the genital tubercle expressing the high-
est levels (data not shown). While Neogenin expression was revealed striking contrasts in both the spatial and temporal
expression patterns of these closely related molecules.not detected in the kidney primordia of the E13.5 embryo,
Neogenin mRNA was observed in the medullary region and These patterns are summarized in Fig. 9.
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Overview pletely absent from the majority of the CNS except for those
structures (olfactory bulb, hippocampus, cerebellum; Figs.The principal ®ndings from these studies were:
4 and 5) still actively undergoing neurogenesis (Gage et al.,
1995). Our observations indicate that DCC mRNA expres-(i) DCC mRNA expression was almost entirely restricted
to the developing CNS. sion is initiated immediately after postmitotic neurons
have migrated out of the proliferative zones within the de-(ii) In contrast to DCC, Neogenin was detected in a broad
spectrum of embryonic tissues. Outside of the CNS, Neo- veloping CNS, suggesting that DCC may be an important
factor in the initiation of neurite outgrowth and/or guidancegenin expression was observed predominately in mesoder-
mal derivatives such as organ primordia and cartilage con- of nascent axons throughout the embryonic CNS. In addi-
tion, DCC may act as a guidance receptor for the migrationdensations of many developing embryonic structures.
(iii) Within the CNS, initiation of DCC expression corre- of some classes of neuroblasts. Perturbations in neuroblast
migration patterns have been observed in mice lacking DCClated with the onset of neurogenesis and was maintained at
high levels in all regions of the developing CNS actively un- expression (Fazeli et al., 1997).
dergoing neurogenesis. As the neural structures matured,
DCC expression was downregulated throughout the CNS. By
Neogenin Is Expressed in the Ventricular Zone ofE18.5 DCC expression was detected only in a small number
the Midbrain, Hindbrain, and Spinal Cordof structures such as the olfactory bulb, the hippocampus, and
the cerebellum that are known to sustain active neurogenesis The function of Neogenin in the maturing CNS has yet
to be de®ned. However, given the overall complementaritywell into postnagal life (Gage et al., 1995). Neogenin expres-
sion, on the other hand, was weak in the early CNS but ex- in expression patterns between DCC and Neogenin, these
closely related molecules are likely to play distinct rolespanded and intensi®ed as neural development proceeded.
(iv) DCC expression was restricted to the postmitotic neu- within the developing CNS. This is almost certainly the
case in the hindbrain, midbrain, and caudal neural tuberons that had migrated out of the VZs throughout most re-
gions of the CNS. However, a striking difference was observed where Neogenin was most intensely expressed in the VZ.
DCC expression was never observed in the proliferativebetween the domains of Neogenin expression in the forebrain
and hindbrain. Like DCC, Neogenin expression in the fore- zones within these regions. It is within the VZ that the
neuroepithelial stem cells proliferate and differentiate intobrain was con®ned to postmitotic neurons after they had
emerged from the VZ. In the hindbrain, however, Neogenin young neurons (Takahashi et al., 1995). Therefore, Neo-
genin may be involved in the migration of the early neuronsexpression predominated in the VZ where the neuronal stem
cell population was dividing and undergoing the initial steps out of the VZ. Hedgecock and colleages have demonstrated
that mutations in the DCC/Neogenin orthologue, UNC-40,of neuronal differentiation. Strong expression of Neogenin was
also observed in the VZ of the midbrain and the ventral VZ of lead to the perturbation in the ventral migrations of speci®c
neuroblasts in the nematode (Hedgecock et al., 1990).the developing spinal cord. High levels of Neogenin expression
within the ventral VZ of the E13 rat spinal cord have also
been demonstrated (Keino-Masu et al., 1996).
Neogenin Is Widely Expressed throughout the CNS
during the Later Stages of Embryogenesis
DCC Is Expressed in Early Postmitotic Neurons In the later stages of development the domains of Neo-
throughout the Developing CNS genin expression expanded and intensi®ed throughout the
CNS, whereas DCC expression was lost in most regions notBoth the temporal and spatial complementarity in the
domains of Neogenin and DCC expression within the devel- actively undergoing neurogenesis. In this later phase of CNS
development Neogenin mRNA was detected in many popu-oping CNS is intriguing. DCC mRNA expression was ®rst
detected at E9.5 where its expression was restricted to the lations of postmitotic neurons throughout all regions of the
CNS. It has been previously demonstrated that Neogeninearly hindbrain (Fig. 1E) and was coincident with the ®rst
wave of migration of postmitotic neurons out of the prolifer- is expressed on growing ganglion cell axons as they ex-
tended from the retina of the embryonic chick and is subse-ative layer of the rostral neural tube (Mastick and Easter,
1996). As the more caudal aspects of the neural tube ma- quently downregulated at the termination of axonal out-
growth (Vielmetter et al., 1994). Therefore, Neogenin maytured (E11.5), and discrete structures within in the CNS
emerged, the most prominent regions of DCC expression act as a guidance receptor for extending axons throughout
the maturing CNS.always correlated with those areas in which large popula-
tions of postmitotic neurons were being generated. For ex-
ample, intense DCC expression was observed in the pre-
Neogenin Predominates in Tissues of Mesodermalplate of the cerebral wall at E11.5 (Figs. 6B and 6D). It is at
Originthis point that the nascent cortical neurons begin to extend
their axons (O'Leary and Koester, 1993). The notion that Neogenin mRNA was expressed ubiquitously throughout
the endodermal, ectodermal and mesodermal layers of theDCC expression is restricted to regions undergoing neurite
outgrowth is supported by the observation that in late em- E8.5 and E9.5 embryo (Figs. 1C and 1F) and thus preceded
DCC expression by at least 24 h. In the mouse, gastrulationbryogenesis (E17.5 to E18.5) DCC expression was com-
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FIG. 8. Expression of Neogenin mRNA during organogenesis. Transverse sections through E12.5 embryos at the level of the gut show
signi®cant expression of Neogenin mRNA in the mesenchyme and the epithelia of the gut and stomach (B). Transverse section through the
E16.5 stomach shows Neogenin mRNA expression in the mesenchyme; however, expression is lost in the stomach epithelium (D). Parasagittal
section through an E11.5 lung bud shows Neogenin mRNA localized not only to the mesenchymal tissue but also to the lung epithelia of the
bronchus (F). By E15.5 the expression intensi®es in the mesenchymal tissue of the developing lung relative to the epithelium (H). Corresponding
bright-®eld images of E12.5 gut and stomach (A), E16.5 stomach (C), E11.5 lung bud (E), and E15.5 lung (G). ep, epithelia; g, gut; l, liver; lb,
lung bud; lmb, lumen of main bronchus; mes, mesenchyme; pp, pancreas primordium; sl, stomach lumen. Scale bar: 83 mm.
commences around E7 and continues through to the 10th gans frequently resulted in the perturbation of the ventral
migration patterns of some mesodermal cells within theday of gestation. Thus, Neogenin was expressed in all three
layers of the embryo during gastrulation. Similarly, UNC- developing nematode (Hedgecock et al., 1990). Therefore,
it is possible that Neogenin is also a guidance molecule40 was found to be expressed on the surface of all cells
during gastrulation in the nematode (Chan et al., 1996). for mesodermal cell migration during gastrulation in the
vertebrate. The notion that Neogenin is responsible, at leastLoss-of-function mutations at the unc-40 locus in C. ele-
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FIG. 9. A schematic summary of the DCC mRNA (…) and Neogenin mRNA (j) expression patterns within the developing CNS, and
outside of the CNS, from E8.5 through to E18.5 of gestation. The onset and duration of expression is indicated by the length of each bar,
while the thickness of each bar indicates the relative intensity of mRNA expression. m, mesenchyme; e, epithelium (1), expression within
these structures was not localized to the ventricular zone; (l), mRNA expression was detected at E8.5 in these organ primordia; (*), the
onset or maintenance of mRNA expression was not determined in these studies.
in part, for the migration of mesodermal cells is supported related, at the amino acid level, to the C. elegans or-
by the observation that Neogenin continued to be expressed thologue UNC-40 (Chan et al., 1996). Similarly, mouse
in the mesodermal component of many organs and cartilage DCC and mouse Neogenin share the same degree of
primordia throughout their development. The movement amino acid similarity with the Drosophila orthologue,
of mesenchymal cell populations within these embryonic Frazzled (24 and 26% across the entire molecule, respec-
tissues is continual and is an essential requirement for suc- tively). Since there appears to be a single DCC/Neogenin-
cessful morphogenesis (Gurdon, 1992). like molecule in the nematode and the ¯y, it seems likely
It is interesting to note that in the initial phase of organo- that the DCC and Neogenin genes may have diverged
genesis Neogenin was also expressed in the simple epithelia from a common ancestor sometimes after the split be-
as well as the surrounding mesenchyme in the early lung, tween nematodes, arthropods, and chordates occurred. In
gut, and stomach. Therefore, Neogenin may also act as a the nematode, the DCC/Neogenin orthologue functions
cell±cell adhesion molecule to initiate or maintain epithe- as a guidance receptor for both mesodermal and neuronal
lial±mesenchymal cell interactions. Many members of the cell migrations as well as a guidance receptor for axonal
N-CAM family are know to be homophilic cell adhesion path®nding (Hedgecock et al., 1990; Kolodziej et al.,
receptors (Walsh and Doherty, 1996). 1996). The distinct spatial and temporal expression pat-
terns of DCC and Neogenin observed in the mouse em-
bryo suggest that the mesodermal and neuronal guidanceCONCLUSION
functions of UNC-40 may have been separated in the ver-
tebrate. Our observations indicate that mouse NeogeninWithin each of their individual Ig domains and Fn III
repeats, mouse Neogenin and mouse DCC are equally is the predominant guidance receptor of this subfamily
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